Introduction
Little has been done to develop positive selection systems to screen for plant cell cultures w ith an increased capability to synthesize distinct m e ta bolites. One reason for this is th at the biochem ical alterations necessary for increased biosynthesis o f m etabolites (e.g. secondary m etabolites) are often unknown. A nother reason is that the sites o f action o f possible selective agents are often not com pletely understood. The great value o f positive selection systems for highly productive plant cells has already been dem onstrated. The biotin levels o f Lavandula vera strains selected on toxic concentrations o f pim elic acid were increased up to 5-fold [1] . T he selection process yielded cell strains w ith a higher capacity to detoxify pim elic acid to biotin. Cell lines resistant to />-fluorophenylalanine (P F P ) w ere often found to accum ulate increased levels of phenolic com pounds [2 -4 ] . T he higher ac cu m u la tion o f caffeoyl putrescine by the P F P -resistant cell line TX 4 was due to enhanced activities o f the cor responding biosynthetic enzym es [5] . P henylalanine am m onia-lyase, the First enzym e of the biosynthetic sequence o f phenylpropanoids, detoxifies l-P F P to /7-fluorocinnam ic acid derivatives [6] . T he better capability of TX 4 cells to detoxify l-P F P con tributed at least partly to the resistance [6] .
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The increased fo rm atio n o f indole alkaloids in cell cultures o f Catharanthus roseus [7] and Peganum harmala [8] by so called " in d u ctio n m e d ia " [9] was accom panied by greatly enhanced activities of tryptophan decarboxylase (T D C ). T his enzym e diverts the prim ary m etab o lite try p to p h an into the secondary pathw ay o f indole alkaloids. T ry p to p h an decarboxylase is at least one o f the lim iting factors o f alkaloid biosynthesis in these systems. A highly productive cell line should be endow ed w ith high T D C activity. T herefore, it seem s to be w orthw hile to develop a selection system for cell strains w ith increased activities o f TD C . Som e o f them m ay also accum ulate increased levels o f alkaloids. O u r aim was therefore to find try p to p h an analogues w hich are growth inhibitory in the m icro m o lar range and which are decarboxylated by T D C . T his led us analyze the m ode o f action o f 14 com m ercially available try p to p h an analogues w ith Catharanthus roseus cell suspension cultures.
Materials and Methods

Cell cultures
Cell suspension cultures o f Catharanthus roseus (L.) G. Don w ere m ain tain ed in M X -m edium (M S-m edium [10] supplem ented w ith 2 |iM 2,4-dichlorophenoxyacetic acid) and subcu ltu red every two weeks as described [11] . Induction o f try p to phan decarboxylase (T D C ) was achieved by tran s ferring 14-days-old cells into the 10-fold volum e of a solution o f 8% sucrose for 2 days.
Toxicity tests
The test for the growth inhibitory effects o f the try p to p h an analogues and the reversal o f in h ib itio n by tryptophan were perform ed in 50-m l-E rlenm eyer with 25 ml o f M X -m edium containing varying con centrations o f the analogue. T he inoculum was 0.3 g fresh mass. A fter 10 days the increase o f cell m ass was m easured and related to the control.
Extraction o f enzymes
The T D C extract was p repared according to K nobloch et al. [7] using cells cultivated in 8% sucrose for 2 days. A nthranilate synthetase (AS) was prepared according to W idholm [12] b u t th e ex tracted protein was precipitated with am m o n iu m sulfate p rio r to the Sephadex G -25 step.
Enzyme assays
The substrate specificity o f the TD C was m e a sured according to G ibson et al. [13] directly m easured at 275 nm or, after spraying the plates w ith 0.1% N inhydrin solution, at 395 nm, using a Shim adzu TLC-scanner. The c a lib ratio n curve was prepared using tryptam ine. T he A^m-values were calculated from Linew eaver and Burk plots. T he feedback effect o f the different try p to phan analogues on the activity o f the an th ra n ila te synthetase was m easured according to W idholm [12] and related to the control.
Incorporation o f the analogues into protein
2.5 g cells were added to 70 ml growth m ed iu m supplem ented with 10 ^m o f the try p to p h a n analogue. A fter 3 days the cells were harvested and throw n into liquid nitrogen. T he shock-frozen cells were then extracted with 5 ml H 20 (U ltra T urrax) and centrifuged. The su pernatant was trea ted w ith the 3-fold volum e o f a saturated (N H 4) 2S 0 4-solution, stirred for 1/2 h and centrifuged. T he pellet was taken up in 2.5 ml H 20 and eluted from a Sephadex PD-10 colum n w ith 3.5 ml H 20 . In controls, the analogue was ad d e d to the culture ju st before the harvest. The p ro tein solutions were hydrolyzed w ith B a(O H )2 [14] 
Results
Toxicity o f tryptophan analogues
F ourteen com m ercially available try p to p h a n analogues and try p to p h an itself w ere tested for th e ir toxicity. As a m easure o f toxicity fresh m ass in creases in relation to analogue concentrations w ere determ ined. Results o b tain ed w ith several m eth y l ated analogues are show n in Fig. 1 . T o characterize and to com pare th e toxicities o f the tested a n a logues the highest no n -in h ib ito ry , th e 50%-inhibitory and the lowest co m p lete-in h ib ito ry level are given in T able I. A ccording to this th e m ost toxic tryptophan d erivative is a-m eth y ltry p to p h an , Table II .
Except for 5-benzyloxytryptophan all tested co m pounds can be regarded as analogues. In som e cases not only the growth inhibition b u t also the " tox ic" effect of higher concentrations o f L -tryptophan w ere reversed.
Inhibition o f anthranilate synthetase
Some tryptophan analogues have been show n to inhibit anthranilate synthetase, causing a dep letio n o f L-tryptophan [15] . The inh ib itin g effect o f try p to phan and the fourteen analogues on an th ra n ila te synthetase was tested. In hibition curves o f l-and D-tryptophan and different m ethylated analogues are shown in Fig. 2 . D ata characterizing all tested Table I w ith those o f T able III correlation can be seen betw een the toxicity o f an analogue and its inhibiting effect on the AS. In Fig. 3 the values for a com plete grow th inhibition are plotted against the concentration that inhibited the AS activity by 50%. The linear regres sion line o f the dou b le log plot shows a high coefficient o f d eterm ination (r2 = 0.90) indicating a possible correlation betw een toxicity and AS in h ib i tion. T he data for 5-hydroxytryptophan and 5-benzyloxytryptophan were not used for the calculation o f the linear regression. T he values for both analogues deviate from the other. 5-H ydroxytryptophan is clearly m ore toxic than one can estim ate from the AS inhibition data. 5-Benzyloxytry p to p h an was excluded because it show ed no an ti m etabolite behavior in the reversion experim ents (T able II). It is less toxic than expected from the AS in hibition data.
Incorporation o f tryptophan analogues into protein
T he toxicity o f the tryptophan analogues m ay also result from an incorporation o f the analogue into protein. H ow ever, none o f th e alkaline p ro tein hydrolysates contained h ig h er levels o f the a n a logues than the controls. T h erefo re it is concluded that the analogues were not in co rp o rated into protein under the experim ental conditions. A fter feeding 5 -m eth y ltry p to p h an -[,4C -C H 3], th e only com m ercially available rad io activ e labelled try p to phan analogue, to Catharanthus roseus cell cultures, no radioactivity was found in th e pro tein fraction while this was the case w hen labelled L -tryptophan was added to the cultures. affinity changed strongly w ith the su b stitu tio n pattern at the arom atic ring. A lteration at the 4-position o f the tryptophan m olecule evidently had the lowest effect on the activity o f such substrates with T D C (Fig. 4) . W hile the in tro d u ctio n o f a fluoro or a hydroxy group at the 5-position gave still reasonable substrates for T D C , th e in tro d u c tio n o f a methyl group already prevented the enzym atic decarboxylation o f this m olecule (Fig. 4) . A lte ra tions at all other positions gave also rise to m o le cules which were rath er p o o r substrates. T he identity of the tryptam ine analogues p ro d u ced was checked by GC-M S. A lp h a-m eth y ltry p to p h an was found to be a com petitive in h ib ito r w ith K\ = 0.75 mM. A lpham ethyl am ino acids in general have been shown to be com petitive inhibitors o f the co r responding am ino acid decarboxylases [16] . P hen y l alanine and tyrosine were not d ecarboxylated by the enzyme extract indicating th a t this inducible decarboxylase in Catharanthus roseus was not a general arom atic am ino acid decarboxylase.
Substrate specificity o f the tryptophan decarboxylase
Discussion
Possible toxic m ode o f actions o f am ino acid analogues are false feedback in h ib itio n o f the syn thesis o f the natural am ino acid [15] a n d /o r in corporation o f the analogue into p ro tein leading to inactive enzymes [17] . W hen the artificial am ino acid acts as a true analogue o f the n atu ral am in o acid then the growth in hibitory effect o f th e analogue can be relieved by the a d d itio n o f the co r responding natural am ino acid. Except for th e rather nontoxic 5-benzyloxytryptophan, all tested tryptophan analogues can be regarded as tru e analogues m im icking the action o f try p to p h an . O u r investigation confirm s and extends th e d ata p re sented by W idholm [16] w ith tobacco and carro t cultures. T he toxic effects o f /?-fluorophenylalanine are only poorly relieved by L -phenylalanine [2] . F o r com pounds like P FP or 5-benzyloxytryptophan therefore the m ode o f toxicity is n ot related to the m etabolism o f the corresponding n atu ral am ino acid and it is questionable to call them analogues.
In our experim ents the toxicity o f an analogue and its inhibitory effect on the AS activity were well correlated (with the exception o f 5-benzyloxy tryptophan and 5-hydroxytryptophan). T h at leads to conclude that false feedback in h ib itio n preventing further synthesis o f L-tryptophan for pro tein b io synthesis is the im p o rtan t factor for th e toxic action o f the tryptophan analogues in th e Catharanthus roseus cultures, as well as in tobacco and carro t cultures [15] . It is evident th at a possible toxic effect o f the analogue by incorporation into pro tein can be excluded or at least ignored.
Plant cell cultures resistant to 5-m eth y ltry p to p h an have been described. It has been show n th at th e anthranilate synthetase of m any o f these resistant cell cultures was less sensitive to feedback in h ib i tion, which resulted in the cells accu m u latin g h ig h er levels o f L-tryptophan [1 8 -2 1 ]. Since th e toxicity o f the analogues is directly related to th e ir in h ib ito ry effect on AS activity it is likely th a t w ith m ost o f the tested tryptophan analogues one will select resistant cell lines w ith increased levels o f en d o genous L-tryptophan and likely an altered AS.
Beside variants w hich becam e resistant due to an altered uptake o f the toxic analogue [2, 20] one should be able to select cells w ith a higher capacity to detoxify the analogue. F rom this study it is clear th at 4-m ethyl-, 4-fluoro, 5-fluoro-and 5-hydroxytryptophan should be the best selective agents to Find this type o f variant. T hese variants should have increased T D C activity and som e o f these 4-methyl-, 4-fluoro-, 5-fluoro-and 5-hydroxytryptophan resistant cell lines w ith increased T D C activity m ight also have an increased cap acity to synthesize indole alkaloids. T he bio ch em ical c h a r acterization o f such resistant cell lines is given in the following p ap er [22] .
